The microbial diversity of wastewater used for irrigation and fertilization was assessed using specific polymerase chain reaction (PCR) assays to detect and genotype several pathogenic protists including internal transcribed spacer sequences of E. bieneusi originating from wastewater at the 18 treatment plants showed a similar genetic diversity, regardless of the geographical location. The identification of these parasite species and genotypes and of host-specific Eimeria species indicates that the microbial quality of wastewater was impacted by humans, livestock and rodents. Given the public health risks that some of these parasites represent, guidelines on wastewater usage are needed to minimize human exposure to these pathogens.
INTRODUCTION
As a result of increased human consumption and irregular or diminishing rainfall, Tunisia is experiencing a growing shortage of water. To address this problem, the government is encouraging the reuse of treated wastewater (TWW).
Water reuse for agriculture is increasing, with almost 30% in Tunisia showed a more frequent occurrence of Giardia and Entamoeba cysts than helminth ova (Ben Ayed et al.
, ). These observations are in agreement with the high prevalence of these parasites in humans. In the Tunis region, the prevalence of Giardia duodenalis and Cryptosporidium in diarrheic persons was found to be 46.2 and 8%, respectively (Bouratbine et al. ) . Approximately 16% of immuno-compromised patients had cryptosporidiosis (Bouratbine et al. ) . In contrast, the prevalence of helminth infections was estimated to be low; 0.03% for Cyclospora cayetanensis is recognized as a food-and waterborne parasite, and is transmitted by environmentally robust oocysts (Ortega & Sanchez ) . Most outbreaks of Cyclospora have been associated with food-borne transmission and have occurred in industrialized countries (Thompson et al. ; Yoder & Beach ) ; water has however been identified as a route of transmission in developing countries, particularly in South America and Nepal (Shields & Olson ) . Although related to Cyclospora, Eimeria spp. commonly infect domestic and wild animals and are not pathogenic to humans. Enterocytozoon bieneusi is the most common microsporidian species infecting humans (Didier ) , domestic animals, wild mammals and birds (Ghosh & Weiss ; Santin & Fayer ) , and is transmitted through the fecal-oral route. Spores of this fungal pathogen have been detected in surface water (Sperfel et al. ; Dowd et al. ) and swimming pools (Fournier et al. ) .
In the present study, polymerase chain reaction (PCR) was used to evaluate the occurrence and geographical distribution of Cryptosporidium spp., Cyclospora. spp., Eimeria spp., G. duodenalis and E. bieneusi in raw wastewater (RWW), TWW and sludge. Results of this survey document a high prevalence and genetic diversity of these parasites in wastewater and sludge in Tunisia.
MATERIALS AND METHODS

Study sites
A total of 110 samples of RWW, an equal number of TWW samples and 12 sludge samples (four dry and eight dehy- 
Sample collection and processing
Samples of 5 L of RWW or TWW were collected over a 24 h period with an automatic sampler, whereas 100 g grab samples of sludge were collected. Upon arrival in the laboratory, wastewater samples were sedimented for 24 h at room temperature. The supernatant was removed and the sediment was centrifuged at 1,000 × g for 15 min. The final volume of sediment was about 10 mL. About 2 mL of sediment was stored in 2.5% potassium dichromate solution at 4 W C for the detection of targeted protists by PCR. Prior to DNA extraction, suspended solids were washed in water by centrifugation to remove the potassium dichromate.
DNA extraction
DNA was extracted from 0.5 mL of wastewater sediment or 0.5 g of dry or dehydrated sludge using the FastDNA SPIN Kit for Soil (Q-Biogene, Irvine, CA) as described by Jiang et al. (). DNA was eluted into 100 μL of reagent-grade water and stored at -80 W C until analyzed by PCR. Each sample was analyzed at least five times using 2 μL of extracted DNA for each PCR target. The sample was considered positive if at least one reaction was positive.
Following analysis with the nested PCR protocol described below, secondary PCR products were detected by gel electrophoresis on 1.5% agarose. Although a positive PCR outcome is not indicative of infectivity, the fact that DNA extracted from the precipitate was used supports the view that a positive PCR result indicates the presence of intact spores, oocysts and cysts.
Cryptosporidium detection, genotyping and subtyping To confirm the accuracy of the sequence and to detect multiple genotypes and subtypes in a sample, all positive PCR products from each sample were sequenced, except for Cyclospora/ Eimeria for which only two positive products per sample were sequenced. The genetic diversity of Cryptosporidium spp., G. duodenalis, E. bieneusi and Cyclospora/Eimeria spp.
was examined by aligning the nucleotide sequences with those found in GenBank using ClustalX (ftp://ftp-igbmc.ustrasbg.fr/pub/ClustalX). Genotypes were classified by comparing each sequence with reference sequences.
Meta-analysis of protist sequences
Given that the wastewater survey included treatment plants distributed over most of the country, protist species and genotypes were analyzed to identify geographical patterns in the occurrence and genetic diversity of different species and genotypes. Sequences were grouped into 15 taxa (C. hominis, C. parvum, C. andersoni, other Cryptosporidium,
other Giardia, E. bieneusi Peru8, E. bieneusi D, E. bieneusi IV, other E. bieneusi, ruminant Eimeria, poultry Eimeria and other Eimeria) and the presence/absence of each group in 111 samples tabulated. Pair-wise Jaccard distances (Jaccard ) between all pairs of taxa were calculated and taxa hierarchically clustered by similarity. The resulting tree was examined for the possible co-occurrence of protozoan species/genotypes with similar host range.
Parasite presence/absence data were analyzed for the co-occurrence of any G. duodenalis genotype and
Cryptosporidium genotype, as well as the co-occurrence of
Cryptosporidium and E. bieneusi, and Cryptosporidium species and Eimeria species. A Chi-square test was applied to test for any significant association between these species.
After eliminating ITS sequences with ambiguous positions, 209 E. bieneusi sequences were retained and numbered such that each unique sequence was assigned a different number were drawn to visualize the diversity of E. bieneusi genotypes among nine plants that had provided a minimum of 10 complete ITS sequences, and a same number of plants from which a minimum of nine Eimeria SSU rRNA sequences were obtained. The aim of this analysis was to assess whether treatment plants differed with respect to the genetic diversity of parasites. These two parasites were selected because of their extensive genetic diversity. The evenness of E. bieneusi ITS diversity was quantified using Pielou's J' ratio (Pielou ) . This measure expresses the relative evenness as compared to maximum evenness which is found when all sequences have the same abundance. Treatment plants (n ¼ 16) contributing a minimum of four sequences were ranked from north to south to assess whether geography and environment would impact E. bieneusi genotype evenness.
Nucleotide sequence accession numbers
Unique nucleotide sequences were deposited in GenBank under accession numbers EU140501-EU140508 and JF909981-JF910012.
RESULTS
Frequency and distribution of Cryptosporidium spp. in wastewater and sludge
Based on PCR analysis of the SSU rRNA gene, 42 of 110 (38%) RWW, 14 of 110 (13%) TWW, and five of 12 (33%) sludge samples were positive for Cryptosporidium spp.
( Tables 2 and 3 ). Altogether, 16 of the 18 plants sampled were positive for Cryptosporidium spp., including RWW samples from 15 plants and TWW samples from eight plants ( Table 2) . Sequencing of PCR products revealed the presence of C. parvum, C. muris, C. andersoni, C. hominis, C. ubiquitum, rat genotype IV, an unknown Cryptosporidium, sheep genotype, C. meleagridis and avian genotype II (Table 4) PCR products were positive for C. parvum, 11 for C. muris, six for C. ubiquitum, two for C. meleagridis and one each for the rat genotype IV, sheep genotype and a new genotype (Table 4 ). The sequence of the new Cryptosporidium genotype was similar to sequences of C. baileyi (DQ650339) and the avian genotype I (DQ885340) and could therefore be of avian origin. In 14 samples, more than one Cryptosporidium genotype was found; nine had two genotypes and five had three.
C. hominis and C. parvum gp60 subtypes
Fourteen of the C. hominis-or C. parvum-positive samples were successfully subtyped by sequence analysis of the gp60 gene (Table 4 ). This analysis showed the presence of the C. hominis gp60 subtype families Id (3 sequences of 1 subtype)
and Ia (two sequences of two subtypes) and C. parvum subtype families IIa (eight sequences of six subtypes) and IIc (one sequence).
G. duodenalis genotypes
Sixty-five (28%) of 232 wastewater and sludge samples were positive for G. duodenalis by tpi PCR (Table 3) , including RWW samples from 16 plants and TWW samples from nine plants (Table 2 ). For one collection each from
Mornag and Kélibia, the TWW sample was positive despite a negative matching RWW sample as also observed with
Cryptosporidium.
DNA sequence analysis of the PCR products revealed the presence of three known genotypes of G. duodenalis including assemblages A, B and E (Table 5 ). The most prevalent genotype was assemblage A, which was detected in 86 PCR products, followed by assemblage B in 12 PCR products. Assemblage E was detected in one sample (Table 5 ).
Most of the assemblage A samples (n ¼ 84 PCR products)
had the A2 subtype; A1 was detected twice.
E. bieneusi genotypes
E. bieneusi was detected in 143 (62%) of 232 samples (Tables 2 and 3 (Tables 2 and 3 Host species refer to isolates from the global collection. A large cluster of 263 related sequences from Tunisia and other countries is collapsed. Note the cluster of 16 ITS sequences not encountered previously. For branches observed >50% of the time in a bootstrap analysis with 500 replicates, the percentage of times the branch was observed is indicated. Scale: 0.2 nucleotide substitution per site. 
DISCUSSION
Results of the survey document a high prevalence and genetic diversity of pathogenic protists in RWW in Tunisia, and suggest that the various wastewater treatment processes adopted in Tunisia are insufficient in removing these parasites. As sedimentation was a key process in all treatment processes, the reduction in the occurrence of these protists was affected by the size of the environmental stage. As a result, a higher reduction in occurrence was achieved for the large Eimeria oocysts (76%) than for the small E. bieneusi spores (43%), with the medium-sized Cryptosporidium oocysts (66%) and Giardia cysts (68%) in between.
Nevertheless, there were no apparent differences in the reduction of the occurrence of protists among different treatment practices. For example, the two plants that were sampled most frequently (Kalaat El Andalous and Nabeul SE4) had a similar reduction in the occurrence of Cryptosporidium spp., G. duodenalis, E. bieneusi and Eimeria spp., even though the former had no primary treatment and used waste stabilization pond as the secondary treatment, whereas the latter used decantation as the primary treatment and activated sludge as the secondary treatment (Tables 1 and 2 of what has already been submitted, the possibility that the global reference collection we used as a benchmark is more diverse than in reality needs to be considered.
Pathogens present in wastewater have the potential to be transmitted to humans, especially when water is reused for irrigation. In this study, wastewater was found to frequently carry pathogens of human and animal origin. The presence of species which do not infect humans such as Eimeria demonstrates that wastewater, even in urban areas, is contaminated with fecal matter of animal origin.
Given the public health risk of these parasites to humans and farm animals, guidelines on the discharge and reuse of wastewater are needed to reduce the transmission potential and transport of these pathogens in Tunisia and other countries with limited water sources.
